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BBK 1971BBK 1971
S.M.Berman, J.F.Bjorken and J.B.Kogut, Phys. Rev. !", 33NN (1971)

Q BBK calculated for pTp collisions, the inclusive reaction

                      !"# !% " &     Uhen particle % has pTVV 1 GeV/c

Q The charged partons of FIS #$%&'%()&&*+'*,*(&+-#)./*&0(),,1''()*+) ,a. /e

1*e(e2 a3 a ,-2*+'3-$/4 45 t)e 7eal +7433 3e+t*45 at la79e :;.=
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Q492;412,0I;H4S,0J":-4"R4FYE4must scatter electroma.netically 'which may be

viewed as a lo2er bound on the real cross section at large pT.=
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AACCBB and Jets and Jets

are now a cornerstone of the standard modelare now a cornerstone of the standard model

G Incredibly at the famous Snowmass conference in

July 1982, many if not most people were s.eptical

G The International HNO conference in Oaris, three

wee.s later, changed e+erything.
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BCnDfamous FGHL J260 found BCnDfamous FGHL J260 found LLJetsJetsNN B1977D B1977D

O Cn each of 2 bac. to bac.

calorimeters with !"Q!RAo

!#Q!0.36 Bsame as PHJGCVD

the invariant cross section of

several particles with a vector

sum pT is much larger than a

single particle of the same pT.

The authors too. this as

evidence for the eYactl* bac.-

to-bac. in aZimuth [ets of

constituent scattering$Gever

let an interested theorist

collaborate on an eYperiment.
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@ac. to-TBC DE5 )et-Faris GHI5@ac. to-TBC DE5 )et-Faris GHI5

Jrom GHI6--GHI5 most hiKh enerKy physicists dou<ted Nets eOisted

<ecause of the famous QE? CT spectrum which showed QS )CTS8

This one e+ent from DE5 in GHI5 chanKed e+ery<odyUs opinion8
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AB1-Carlo himself eEplained HAB1-Carlo himself eEplained HTT Ino JetL dist. Ino JetL dist.
before seeing AB2 plot-eEplanation is correctbefore seeing AB2 plot-eEplanation is correct

AB1 I1982L Paris-withdrawn IC.RubbiaL !sS@T0 UeV.

Wo Jets because HT is like multiplicity InL, composed of

many soft particles near XpTY Z      CHRW-HP-82/122.

[[PS AB2 discovers Jets

]@-6 orders of magnitude

down in HT distributionZ
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Jets in AT Bit2 unbiased triDDer-circu#arityJets in AT Bit2 unbiased triDDer-circu#arity

EoB circu#arity3 i.e. penci#-#i.e di-Get structure seen on#y Hor

I 2=-J0 KeL!"s ! #
$
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DATAB !!CD EFG 50H3 5IJ KLHI5M

Also FarisLHI5(Nirst measurement oN P!DAlso FarisLHI5(Nirst measurement oN P!D

subprocess subprocess anRular Sistribution usinRanRular Sistribution usinR

!!00((!!00 correlations correlations

PP!!DD
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@ATAB !!CD EFG 20H3 284 K1H82M

A#so Faris1H82(first measurement of P!@A#so Faris1H82(first measurement of P!@

subpro1ess subpro1ess anRu#ar distribution usinRanRu#ar distribution usinR

!!00((!!00 1orre#ations 1orre#ations

PP!!@@
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At $H&C, inclusive single particles provide a precisionAt $H&C, inclusive single particles provide a precision

p7CD p7CD probe, :ell calibrated in pp, probe, :ell calibrated in pp, dAudAu;; collisions collisions

A8 A<%#enc&a3 et a#3 !DP PRL =? S200?T 122001(.9 a#J"0&t2'
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Recall Recall !!00CC nD5.1 wor.s better Hor nD5.1 wor.s better Hor  IITTJ 0.2J 0.2

!"6.3 !"5.1
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AATT  scalingC a) Eirect-scalingC a) Eirect-!!   b) Jets   b) Jets

!ire%t ! n"5

Jets-Ratio of Scaled Cross Sections 630/1L00

Jets n",.5

M.C.BlaOe* P B.L.Rlauger, ARNPS 49, 633 (99)
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CorrelationsCorrelations
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9he leading-particle effect a8.8a8 trigger <ias9he leading-particle effect a8.8a8 trigger <ias

G Hue to the steeply falling power-law spectrum of the scattered partons3 the

inclusi+e particle p9 spectrum is dominated <y fragments <iased towards large J8

9his was unfortunately called trigger <ias <y /8 )aco< and P8 Landshoff3 Phys8

Mep8 !"#3 5>6 N1P7>Q although it has nothing to do with a trigger8

Rragment spectrum gi+en p9t is

weighted to high "t <y "t
n-5
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HoC e+er*t2inE *ou Cant to knoC about JFTSHoC e+er*t2inE *ou Cant to knoC about JFTS

Cas measured Cit2 2-particle correlationsCas measured Cit2 2-particle correlations

CCJR, A.L.S.AnEelis, et al

P2*s. Lett. !"#, 163 (1980)

P2*sica Scripta $!, 116 (1979)

pTt T 7 UeV/c +s pT
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C,-4';,-%0;H4C&D245(I,0D&1#;41"00;#,D&":-C,-4';,-%0;H4C&D245(I,0D&1#;41"00;#,D&":-

!!JK34L8M8G8L:E;#&-34;D4,#

N2*-84M;DD8497#341@O4P1QR6S

N2*-&1,4G10&ID,4193411@4P1Q7QS

I9D4T474U;V?14+-4I9
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How everything you want to know about JETSHow everything you want to know about JETS

was measured with 2-particle correlationswas measured with 2-particle correlations

CCOR, A.L.S.Angelis, et al

Phys. Lett. 9"B, 163 (1980)

Physica Scripta 19, 116 (1979)

pTt > 7 GeV/c vs pT
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I9D T 7 U;V?1 +- I9
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AAEE  Cistribution measures fragmentation fn.Cistribution measures fragmentation fn.

AE G pTa/pTt GI/JItrigK

!L$
"MINGe(6I

O inCepenCent of pTt

JItrigKP0.8@ measureCR

R but Se CiC learn something neS

on this issue in PHENIX

See M. Ja1obZs tal. EPS [\7\ ]ene+a
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kkTT  is not a parameter, it can be measuredis not a parameter, it can be measured
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AA99,, . .99,, B BCC, D, Doutout FeGinitions FeGinitions

all in Dlane transverse to bea' Firectionall in Dlane transverse to bea' Firection

H A9 is Darton GraI'entation transverse 'o'entu'

H .9 is transverse 'o'entu' oG a Darton in a Droton J2 DrotonsK

H BCL(D9!D9t?MD9tM
2 reDresents aNa* Aet GraI'entation O

H Dout is co'Donent oG aNa* D9 DerDenFicular to triIIer D9t

BC D9t

DoutLD9 sin!"

D9t D9

#$!"#$$%% '()
%"% #$ *+, $%% - #$ .+, $%%#- #$ .+, $%%
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AA9933 . .9933 x xCC3 D3 Doutout deGinitions deGinitions

,ll in Dl,ne t0,nsve0se to be,m di0ection,ll in Dl,ne t0,nsve0se to be,m di0ection

H A9 is D,0ton G0,Iment,tion t0,nsve0se momentum

H .9 is t0,nsve0se momentum oG , D,0ton in , D0oton (5 D0otons)

H xCL-D9!D9t/MD9tM
5 0eD0esents ,N,y Aet G0,Iment,tion O

H Dout is comDonent oG ,N,y D9 De0Dendicul,0 to t0iIIe0 D9t

xC D9t

DoutLD9 sin!"

D9t D9

#$p"ut$%% '(E
%"% #$ *+y $%% - #$ .+y $%%#- #$ .+y $%%
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2 =xE
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!ollo$%i%m-)*+as.*la-/ar12345667 /84)849annen<a%m444=7>?@

AA9944is41onsBanB-inCeDenCenB4oEis41onsBanB-inCeDenCenB4oE4D4D9B9B44anC4anC4!!ss
!2ara1BerisBi14oE4AeB4EragmenBaBion!2ara1BerisBi14oE4AeB4EragmenBaBion

G4iB4Boo.4B2e4eH4e-
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At RHIC extra complications due to largerAt RHIC extra complications due to larger k kTT

!"!"#$ #$! !"%"& %"""""""""""""""""""""""""""""""""""""""""" '$ &a
! x h
!#

zt kT

$
! xh

!#
pout

$
! jTy

$
(#" xh

$
)

Larger Jet imbalance due to kT smearing smaller <zt> due to smaller n

<zt,a> vary with pTt pTa
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Additionally, PHENIX found a mistakeAdditionally, PHENIX found a mistake

Following FFF and CCOR PLB!"(1980)163-168 we were trying to

measure the net transverse momentum of the di-jet (<pTpair>= !2 x <kT>)

• jT is parton fragmentation transverse momentum

• kT is transverse momentum of a parton in a proton (2 protons)

• xE=-pT!pTt/|pTt|
2 represents away jet fragmentation z

• pout is component of away pT perpendicular to trigger pTt

xE pTt

pout=pT sin"#

pTt pT

We needed <zt> to solve for kT. Tried to get it from xE dist.
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@dditionally3 CDEFGH found a mista.e@dditionally3 CDEFGH found a mista.e

JolloKinL JJJ and !!MN COP!"Q1ST0U1?V(1?T Ke Kere tryinL to

measure the net trans+erse momentum of the di(Wet QXp9pairZ= !2 x X.9ZU

] W9 is parton fraLmentation trans+erse momentum

] .9 is trans+erse momentum of a parton in a proton Q2 protonsU

] xE=(p9!p9t>^p9t^
2 represents aKay Wet fraLmentation _

] pout is component of aKay p9 perpendicular to triLLer p9t

xE p9t

pout=p9 sin"#

p9t p9

`e needed X_tZ to sol+e for .9. 9ried to Let it from xE dist.
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D(#)%exp(-*0#)

D(#)%exp(-20#)

NFB;0 ',:* 1":+;0M;:1; E&FF&1%#B&;-3 ),: O,. B0&;E BP" +,-B#* E&FF;0;:B F0,M';:B,B&":  F%:1B&":-
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@maAingly, I couldE and got a neat result@maAingly, I couldE and got a neat result

TakeG

HsingG Where !Ja,0KL !JaKLJa-1K !JaK 

J1K

J5K
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The final resultThe final result

Where B/b!<m>!b is the mean charged multiplicity in the jet
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92e 92e AAEE  d&str&<ut&on tr&EEered <y a d&str&<ut&on tr&EEered <y a !!00  does does notnot

'easure t2e FraE'entat&on Funct&onGGG'easure t2e FraE'entat&on Funct&onGGG
• 92e only dependence on t2e JraE'entat&on Junct&on &s &n t2e

nor'al&Kat&on constant B?< M2&c2 e$uals <'O3 t2e 'ean 'ult&pl&c&ty

&n t2e aMay Pet Jro' t2e &nteEral oJ t2e JraE'entat&on Junct&on.

• 92e do'&nant ter' &n t2e AE d&str&<ut&on &s t2e HaEedorn Junct&on

R                      so t2at at J&Aed p9t t2e AE d&str&<ut&on &s predo'&nantly

a Junct&on only oJ AE and t2us eA2&<&ts AE scal&nE3 as o<served.

• 92e reason t2at t2e AE d&str&<ut&on &s not sens&t&ve to t2e s2ape oJ t2e

JraE'entat&on Junct&on &s t2at t2e &nteEral over Kt &n (13 5) Jor J&Aed p9t

and p9a &s actually an &nteEral over Pet transverse 'o'entu'  ..    .

HoMever s&nce t2e tr&EEer and aMay Pets are alMays rouE2ly e$ual and

oppos&te &n transverse 'o'entu' (&n pVp)3 &nteErat&nE over R

s&'ultaneously &nteErates over R  . 92e &nteEral &s over Kt3 M2&c2

appears &n <ot2 tr&EEer and aMay s&de JraE'entat&on Junct&ons &n (1).
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NOTE:This contradicts a clear statementNOTE:This contradicts a clear statement

on this issue from Feynman, Field and Foxon this issue from Feynman, Field and Fox

“There is a simple relationship

between experiments done with

single-particle triggers and those

performed with jet triggers. The

only difference in the opposite

side correlation is due to the fact

that the ‘quark’, from which a

single-particle trigger came,

always has a higher p! than the

trigger (by factor 1/ztrig). The

away-side correlations for a

single-particle trigger at p! should

be roughly the same as the away

side correlations for a jet trigger at

p! (jet)= p! (single particle)/

<ztrig>”.

FFF Nucl.Phys. B128(1977) 1-65
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As shown at the ISR by As shown at the ISR by DarriulatDarriulat, etc, and, etc, and
believed by most High Energy Physicistsbelieved by most High Energy Physicists

P. Darriulat, et al,  Nucl.Phys. B107 (1976) 429-456

Figures from P. Darriulat, ARNPS 30 (1980)

159-210 showing that Jet fragmentation

functions in !p, e+e- and pp (CCOR) are the

same with the same dependence of b

(exponential slope) on “   ”ˆ s 
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PHENIX PHENIX !!oo - h - h±±    jjTT, , kkTT, , xxEE  measurementsmeasurements
p+p p+p ""s=200 s=200 GeVGeV: : PRD PRD 7474, 072002 (2006), 072002 (2006)

d+Au

#N  $ %jT&   jet fragmentation transverse momentum-measure directly

#F  $ %kT&  parton transverse momentum-more complicated.

Corrected for acceptance

#N

#A
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Results RMS Results RMS kkTT  in p+p @ 200 in p+p @ 200 GeVGeV

Main contribution to the systematic errors comes from

unknown ratio gluon/quark jet => D(z) slope.

ISR

PHENIX
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LHC prediction from many talksLHC prediction from many talks

SchutzSchutz, , GustaffsonGustaffson, , Morsch Morsch ......

LHC

RHIC

SPS

         

            

(h++h-)/2

!0

17 GeV

200  GeV

5500 GeV=!s

LO p+p y=0 PHENIX "s=200 GeV

                             GeV/c2k
T

2
= 7.2 ±1.8

Hmmm!
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A very interesting formulaA very interesting formula

Measured ratio of particle pTa, pTt      !   Ratio of jet transverse momenta

<m> is the mean multiplicity in the jet, n is the power of the pTt spectrum

! The xE spectrum scales in the variable x
E

/ ˆ x 
h



Colloquium-Jyvaskyla-March, 2007 M. J. Tannenbaum   62/65

Shape of Shape of xxEE  distribution depends ondistribution depends on

and and nn but not on  but not on bb

ˆ x 
h

ˆ x 
h

1.0

0.8

0.6

0.4

0.2

n = 8.1
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Does the formula work?Does the formula work?

 PHENIX p+p

PRD 74, 072002 (2006)
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It works for PHENIX p+p PRD It works for PHENIX p+p PRD 7474, 072002, 072002
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The formula should work just as well inThe formula should work just as well in

Au+Au collisions to relate the measured Au+Au collisions to relate the measured xxEE

distribution of fragments to the ratio of thedistribution of fragments to the ratio of the

transverse transverse momenta momenta of the parent jets. Theof the parent jets. The

only major assumptions are independentonly major assumptions are independent

fragmentation of both jets with the samefragmentation of both jets with the same

exponential fragmentation function and aexponential fragmentation function and a

power lawpower law parton p parton pTT  distribution.distribution.

This is covered in my next talk.This is covered in my next talk.
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ENDEND


